The region that surrounds the central canal of the spinal cord derives from the neural tube and retains a substantial degree of plasticity. In turtles, this region is a neurogenic niche where newborn neurons coexist with precursors, a fact that may be related with the endogenous repair capabilities of low vertebrates. Immunohistochemical evidence suggests that the ependyma of the mammalian spinal cord may contain cells with similar properties, but their actual nature remains unsolved. Here, we combined immunohistochemistry for cell-specific markers with patch-clamp recordings to test the hypothesis that the ependyma of neonatal rats contains immature neurons similar to those in low vertebrates. We found that a subclass of cells expressed HuC/D neuronal proteins, doublecortin, and PSA-NCAM (polysialylated neural cell adhesion molecule) but did not express NeuN (anti-neuronal nuclei). These immature neurons displayed electrophysiological properties ranging from slow Ca 2ϩ -mediated responses to fast repetitive Na ϩ spikes, suggesting different stages of maturation. These cells originated in the embryo, because we found colocalization of neuronal markers with 5-bromo-2Ј-deoxyuridine when injected during embryonic day 7-17 but not in postnatal day 0 -5. Our findings represent the first evidence that the ependyma of the rat spinal cord contains cells with molecular and functional features similar to immature neurons in adult neurogenic niches. The fact that these cells retain the expression of molecules that participate in migration and neuronal differentiation raises the possibility that the ependyma of the rat spinal cord is a reservoir of immature neurons in "standby mode," which under some circumstances (e.g., injury) may complete their maturation to integrate spinal circuits.
Introduction
The region that surrounds the central canal (CC) of the spinal cord is a plastic structure. For example, ependymal cells in the spinal cord of rats and mice react to injury providing limited endogenous repair (Beattie et al., 1997; Mothe and Tator, 2005; Meletis et al., 2008) . This kind of plasticity is outstanding in some low vertebrates, in which the CC region organizes the reconnection of the cord after transection (Dervan and Roberts, 2003) . Postnatal endogenous repair mechanisms may be related to the preservation of progenitor cells similar to those in the embryo. In the region around the CC of juvenile turtles, there are cells with functional and molecular properties of neurogenic precursors intermingled with others that express early neuronal markers and fire action potentials, indicating they are immature neurons immersed in a neurogenic environment (Fernández et al., 2002; Russo et al., 2004 Russo et al., , 2008 . Some studies suggest that the ependyma of mammals may retain similar properties which may support endogenous repair mechanisms (Danilov et al., 2006; Shechter et al., 2007) .
In some niches of the adult mammalian brain, new neurons are generated throughout life (Lim et al., 2008) . During differentiation, these cells initially express doublecortin (DCX) and polysialylated neural cell adhesion molecule (PSA-NCAM), which are typical of migrating neuroblasts (Kuhn and Peterson, 2008) . As they integrate to existing circuits, they become negative for DCX and PSA-NCAM, start expressing anti-neuronal nuclei (NeuN), and acquire electrophysiological properties of mature neurons (van Praag et al., 2002) . Some ependymal cells in the adult mammalian spinal cord proliferate (Johansson et al., 1999; Meletis et al., 2008) , but their differentiation toward the neuronal lineage seems inhibited (Horner et al., 2000) . However, immunohistochemical studies have shown that there are neuron-like cells within the ependyma that express proteins typical of neuroblasts in neurogenic niches (Alonso, 1999; Stoeckel et al., 2003; Shechter et al., 2007) . Whether these neuron-like cells are similar to those in adult neurogenic niches remains unclear.
Anatomical (Vigh and Vigh-Teichmann, 1998 ) and immunohistochemical (Alonso, 1999 , Stoeckel et al., 2003 evidences suggest that some cells in the ependyma of the rat resemble immature neurons in turtles (Russo et al., 2004) . Interestingly, ependymal cells in the spinal cord have neural stem cell potential (Meletis et al., 2008) and may provide a favorable environment for neuroblasts. We thus hypothesized that some CC-contacting cells in the rat are neuroblasts similar to those in neurogenic niches. Here, we tested this hypothesis by combining immunohistochemistry for cell type specific markers with patch-clamp recordings of CC-contacting cells in neonatal rats [postnatal day 0 -5 (P0 -P5)]. We found that a subclass of cells expressed HuC/D, DCX, and PSA-NCAM but did not express NeuN. They displayed electrophysiological properties ranging from slow Ca 2ϩ -mediated responses to fast, repetitive Na ϩ spikes, and originated in the embryo as shown by 5-bromo-2Ј-deoxyuridine (BrdU) birthdating analysis. Our findings represent the first evidence that the ependyma in the mammalian spinal cord contains cells with molecular and functional features similar to immature neurons in adult neurogenic niches and may imply novel forms of plasticity. (1, arrows) and Syto 64 labeled nuclei (2) in the ependyma of the rat. Notice that HuC/D ϩ cells represent a minority of the cells within the ependymal layer (3) and that their nuclei (2, 3, open arrowheads) have a rounded shape that contrast with the elongated nuclei (2, 3, filled arrowheads) of most cells within the ependymal layer. C1-3, Most cells within the ependyma expressed the ependymal cell marker S100␤ (1). However, some S100␤Ϫ cellular profiles (1, asterisks) within the ependymal layer expressed HuC/D (2-3, arrowheads). All images are single confocal optical planes. A, C, P2 rats; B, P5 rat.
TEM immunohistochemistry. Floating sections processed for revealing HuC/D and DCX with DAB (Sigma-Aldrich) using the ABComplex (Dako Cytomation) were postfixed in 1% OsO 4 in PB 0.1 M, washed, and dehydrated as usual. The sections were finally resin epoxy embedded in flat molds that allowed transillumination and localization of the stained cells. After precise trimming of the block, the stained cells were ultrathin sectioned. Series of sections were mounted on one-hole grids (rectangular opening, 2 ϫ 1 mm), covered with formvar, and contrasted with uranyl acetate and lead citrate.
Slice preparation and electrophysiology. Rats anesthetized with isoflurane (Forane) were decapitated and the cervical enlargement was dissected out in chilled Ringer's solution of the following composition (in mM): NaCl, 101; KCl, 3.8; MgCl 2 , 18.7; CaCl 2 , 1; MgSO 4 .6H 2 O, 1.3; HEPES, 10; KH 2 PO 4 , 1.2; and glucose, 25; saturated with 5% CO 2 and 95% O 2 , pH 7.4. Transverse 300-m-thick slices were cut, placed in a chamber (1 ml of volume), and superfused (1 ml min Ϫ1 ) with Ringer's solution (in mM): NaCl, 124; KCl, 2.4; NaHCO 3 , 26; CaCl 2 , 2.4; MgSO 4 .6H 2 O, 1.3; HEPES, 1.25; KH 2 PO 4 , 1.2; and glucose, 10; saturated with 5% CO 2 and 95% O 2 to keep pH 7.4. All experiments were performed at room temperature. Cells were visualized with differential interference contrast (DIC) optics (Leica DM LFS) with a 40ϫ (0.8 numerical aperture) objective. Patch-clamp whole-cell recordings were obtained with electrodes filled with (in mM): K-gluconate, 122; Na 2 -ATP, 5; MgCl 2 , 2.5; CaCl 2 , 0.003; EGTA, 1; Mg-gluconate, 5.6; K-HEPES, 5; H-HEPES, 5; and biocytin, 10; pH 7.4; 5-10 M⍀. In some cases, Lucifer yellow (0.1-0.5%, Sigma-Aldrich) or Alexa 488 hydrazide (250 -500 M, Invitrogen) were added to the pipette solution. Current-and voltageclamp recordings were performed with an Axoclamp 2B or a Multiclamp 700B (Molecular Devices). Current and voltage steps were generated with pClamp10 (Molecular Devices), which was also used for further analysis. All cells were first studied in current clamp to characterize the intrinsic response properties (Russo and Hounsgaard, 1999) . Series resistance and whole-cell capacitance were not compensated. In voltage clamp mode, cells were held at Ϫ70 mV, and the resting membrane potential was estimated from the current-voltage relationship (at I ϭ 0). To subtract leak currents we used a P4 protocol provided by Clampex10 (Molecular Devices) that allowed simultaneous storage of raw and leak subtracted data. Liquid junction potentials were determined and corrected off-line (Barry and Diamond, 1970) . Values are expressed as the mean Ϯ SEM. Statistical significance ( p Ͻ 0.05) was evaluated using the Mann-Whitney U test. To explore whether the different electrophysiological phenotypes of CC-contacting cells were correlated with age, we used the 2 test at p Ͻ 0.05. As the null hypothesis (Ho), we assumed that phenotypes and postnatal age (P0 -P5) were independent characteristics.
The voltage dependence of activation for K ϩ currents was determined from whole-cell conductance ( G) versus membrane potential measurements (V m ) using the formula G ϭ I/ (V m Ϫ V reversal ). The reversal potential (V reversal ), was assumed to equal the K ϩ equilibrium potential (Ϫ102 mV) as calculated with the Nernst equation. The resulting curves were fitted with Boltzmann functions. Voltage-dependent inactivation properties were determined by applying conditioning voltage steps from a Ϫ70 mV holding potential to levels ranging from Ϫ100 to 10 mV in 10 mV steps. The membrane potential was then set to 30 mV and the peak current amplitudes were measured, normalized relative to their maximum value, and plotted versus the conditioning-voltage amplitude. The half-activation voltage (V h ) and the slope factor (k h ) were estimated by fitting a Boltzmann function to the data.
In some experiments, the following drugs or ionic substitutions were introduced to the normal Ringer's solution: tetrodotoxin (TTX, 1 M; Alomone Labs) to block Na ϩ channels, Mn 2ϩ (3 mM) to block the Ca 2ϩ channels, Ni 2ϩ (300 M) to block the T-type Ca ϩ2 channels, tetraethylammonium (TEA, 10 mM; Sigma-Aldrich) to block K ϩ channels, 4-aminophyridine (4-AP, 1-2 mM; Sigma-Aldrich) to block A-type K ϩ channels, and gabazine (10 M, Tocris) to block GABA A receptors.
GABA (100 M) and ATP (100 M) diluted in normal Ringer's solution were pressure ejected from patch pipettes (2 m tip diameter) using a Picospritzer III (Parker Instrumentation) controlled by Clampex10. Changes in the pH of the microenvironment surrounding the recorded cell were made by puffing a modified Ringer's solution buffered at pH 6.0 in which NaHCO 3 was lowered to 17.25 mM and HEPES was replaced by 10 mM MES. HuC/Dϩ cells express proteins of neuroblasts in neurogenic niches. A1-3, HuC/Dϩ in the CC (1, arrows) had an apical process contacting the CC lumen (1, arrowhead). DCX expression (2) matched almost completely that of HuC/D (2 and 3, arrows). However, some HuC/Dϩ cells did not express DCX (1-3, empty arrowheads) whereas few DCXϩ cells did not show HuC/D immunoreactivity (1-3, empty arrow). Single optical plane. B1-3, HuC/Dϩ cells (1) also expressed PSA-NCAM, (2, 3). Note the characteristic punctate pattern of PSA-NCAM expression on the surface of the cell (arrowhead in 2). Z-stack projection. C1-3, The majority of DCXϩ cells (1, arrow) also expressed PSA-NCAM (2 and 3). Notice the conspicuous apical processes reaching the CC lumen (arrowheads). Single confocal optical plane. A, B, P2 rat; C, P5 rat.
Morphological identification of recorded cells.
During whole-cell patchclamp recordings 165 cells were filled with a fluorophore and/or biocytin. Cells were filled for at least 10 min and the slices were fixed by immersion in 4% paraformaldehyde in 0.1 M PB for 12-24 h. In some cases, cells were visualized in living slices by injecting Lucifer yellow or Alexa 488 and the resulting images were acquired with an FG7 frame grabber (Scion Instruments) using ImageJ (NIH). Although leakage from the pipette was usually sufficient to get good stainings, in most cases we applied current or voltage pulses (500 ms at 1 Hz) after the electrophysiological characterization to iontophorese either biocytin or fluorophores. After overnight PB rinsing, the slices were blocked with 0.5% BSA in PB (1 h) and then incubated in a solution containing 0.3% Triton X-100 with either the streptavidin-fluorophore complex (streptavidinAlexa 488 or 633, 2 h). Slices incubated with fluorophores were mounted in glycerol and examined with a confocal microscope (Olympus FV 300).
Perforated patch-clamp recordings. To avoid changing the intracellular Cl
, we made perforated-patch recordings using the cation-selective ionophore gramicidin (Myers and Haydon, 1972; Kyrozis and Reichling, 1995) . The gramicidincontaining pipette solution was made for each experiment from a stock solution (5 mg/ml in DMSO, stored at Ϫ20°C) in prefiltered intracellular solution to yield a final concentration of 5 g/ml. The solution was used within 2 h after preparation. To facilitate gigaseal formation, the tip of the electrode was filled with gramicidin-free patch solution containing Alexa 488 (250 M) by briefly (ϳ2-4 s) immersing the back of the pipette into the solution. The liquid junction potential (4 mV) was corrected off-line.
BrdU labeling. To determine the date of birth of putative CC-contacting neurons we injected neonatal rats (P0 -P5, n ϭ 9) daily with BrdU (100 mg/kg, i.p.; Sigma-Aldrich). The animals were killed 1, 10, and 17 d after the last BrdU injection. Pregnant rats (n ϭ 4) were injected with BrdU (100 mg/kg, i.p.) every 48 h between embryonic day 7-17 (E7-E17). Pups were killed during the first five postnatal days and 30 d after the last injection. Transverse spinal cord sections (60 -80-m-thick) were rinsed in PB and incubated in 2N HCl (30 min) followed by incubation with proteinase K at 0.2 mg/ml (10 min). After several rinses, sections were blocked with 5% goat serum in PB with 0.3% Triton X-100 and placed overnight in mouse anti-BrdU diluted 1:500 in PB and 0.3% Triton X-100. After washing, the tissues were incubated with a secondary serum conjugated with a fluorophore (Alexa 488, Alexa 546, or Alexa 633; Invitrogen). BrdU labeling was then combined with immunohistochemistry for HuC/D, DCX, or PSA-NCAM.
Results

Immature neurons around the CC: molecular clues
The spinal cord of turtles contains cells attached to the CC that express the early neuronal marker HuC/D (Russo et al., 2004 (Russo et al., , 2008 and display functional properties of immature neurons at various differentiation stages (Russo et al., Figure 3 . Finestructurecharacteristicsofimmatureneuronswithintheependymallayer.A1,2,LightmicroscopeimageofaHuC/Dϩ cell (1, arrowhead) resin-epoxy embedded. The same cell is shown under the electron microscope in 2. The osmium-DAB precipitates (2, inset) allowed to identify the limits of the cell which are outlined by a dotted line. Notice the round nucleus of the HuC/Dϩ cell which is lighter than the elongated nuclei of neighboring ependymal cells (2, E). B1, 2, Light microscope image of a DCXϩ cell in the ependymal layer (1, arrowhead). Conspicuous osmium-DAB precipitates allowed the identification of the DCXϩ cell at the TEM level (2, lower left inset).AsforHuC/Dϩcells,thenucleusoftheDCXϩcellhadaroundappearance(2,N)comparedwithneighboringnuclei(2,E).Theapical process was easily identified and contacted the CC lumen (2, upper left inset; shadowed). C, Low power electronmicrograph of a putative immatureneuron(N)inbetterpreservedtissuethatwasnotexposedtodetergents.Notetheroundshapednucleusthatcontrastswiththe elongated nuclei of adjacent cells (E). An apical process reaches the CC lumen. The inset shows a tangential view of a cilium (arrow) surrounded by a crown of slender microvilli. D1, 2, Another putative immature CC-contacting neuron with an electron dense cytoplasm containing abundant free ribosomes. Notice the process arising from the basal pole (1, asterisk). This poorly differentiated process (2, shaded in light blue) showed no evidences of either neurotubes or neurofilaments. A, B, P4 rat; C, P2 rat; D, P4 rat.
2004). Based on previous anatomical (Vigh and Vigh-Teichmann, 1998 ) and immunohistochemical (Stoeckel et al., 2003 ) studies, we speculated that the ependyma of neonatal rats shares common features with those of lower vertebrates and thus may contain cells with characteristics of immature neurons. To test this possibility we analyzed the expression of HuC/D in the spinal cord of neonatal rats (P0 -P5). We found that HuC/D was robustly expressed in the gray matter of the spinal cord (data not shown). Figure 1A shows a subpopulation of cells within the ependymal layer that also expressed HuC/D. In most cases, a single process could be seen projecting to the CC lumen (Figs. 1 A1, 2A, arrowhead). Hu proteins are among the first markers expressed in newborn neurons (Marusich et al., 1994) but they are also present in mature neurons in which are thought to participate in some forms of plasticity (Deschênes-Furry et al., 2006) . To test whether HuC/Dϩ cells close to the CC were either mature or immature neurons, we combined the use of the mature neuronal marker NeuN (Mullen et al., 1992; Kuhn and Peterson, 2008) . We found that none of the HuC/Dϩ cells within the ependymal layer coexpressed NeuN (Fig.  1A2 ), whereas all HuC/Dϩ cells outside this region did (Fig. 1A2,3 , arrowheads).
To analyze the relative frequency of HuC/Dϩ cells contacting the CC, we combined HuC/D immunohistochemistry with the nuclear stain Syto 64 ( Fig.  1 B) . From a total of 586 nuclei counted in 20 randomly chosen optical sections, only 56 corresponded to HuC/Dϩ cells (Fig. 1 B1, arrows) . As shown in Figure 1 B, the nuclei of HuC/Dϩ cells ( Fig. 1 B2, empty arrowhead) had a round shape and a light staining that contrasted with the elongated and darker nuclei of neighboring cells ( Fig. 1 B2,3 , arrowheads).
As stated by Peters et al. (1991a) , the ependyma consists of a layer of epithelial cells that line the walls of the ventricles of the brain and the CC of the spinal cord. Because HuC/Dϩ cells contribute to line the CC through a narrow apical process, we asked whether they could be a specialized type of ependymal cell. To test this possibility, we combined the ependymal cell marker S100␤ (Chiasson et al., 1999; Spassky et al., 2005 : Carlén et al., 2009 ) with HuC/D immunostaining. Most of the CC was lined by S100␤ϩ ependymal cells ( Fig. 1C1 ; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). However, HuC/Dϩ cells (Fig. 1C2 , arrowheads) did not coexpress the ependymal cell marker S100␤ (Fig. 1C2,3 , arrowheads) supporting the idea that-although within the ependymal layer-they are a distinct cell type different from ependymocytes.
The fact that some CC-contacting cells in the rat had a morphological and molecular phenotype of immature neurons raised the possibility that these cells may be similar to neuroblasts in neurogenic niches of the adult brain. We thus tested whether HuC/Dϩ cells also expressed DCX and PSA-NCAM, which are well known markers of immature neurons in neurogenic niches of the adult mammalian brain (Kuhn and Peterson, 2008) . Double labeling experiments showed that most HuC/Dϩ cells also expressed DCX (104 of 105) ( Fig. 2 A1 -3, arrows) with only one HuC/Dϩ cell that expressed little or no reactivity against DCX ( Fig. 2 A1-3 , empty arrowhead). On the other hand, there were cells that expressed DCX but not HuC/D (7 of 111) ( Fig. 2 A1-3 , empty arrow). PSA-NCAM immunoreactivity with a characteristic punctate pattern on the surface of the membrane was also present in HuC/Dϩ cells (38 of 46) ( . Conventional epifluorescence and DIC in a living slice. B1-4, Active response properties in a CC-contacting cell. A depolarizing current pulse produced a slow potential (1, arrowhead). Notice the presence of spontaneous synaptic activity (1, arrows). The slow potential could be generated in an all-or-non manner by a short-lasting current pulse (2) or by a barrage of spontaneous synaptic potentials (3, arrow). As revealed by injection of Alexa 488, the cell recorded in 2 had a single short process contacting the CC (4, arrow; conventional epifluorescence). C1, 2, Slow depolarizing potential in a CC-contacting cell (1). A small and brief transient appeared at the beginning of the active response (1, arrow). The slow response was not sensitive to 1 M TTX but the brief transient disappeared, indicating a small contribution of Na ϩ channels (2). Addition of 3 mM Mn 2ϩ completely blocked the slow depolarizing potential (2), indicating the involvement of Ca 2ϩ channels. D1, 2, Slow spike in response to a transient hyperpolarization (1). The slow response had a threshold close to -50 mV. The low threshold response was not blocked by TTX (1 M) but was abolished by 300 M Ni 2ϩ (2). A, P3 rat; B, P2 rat; C, P4 rat; D, P1 rat.
We next analyzed the ultrastructure of HuC/Dϩ cells by performing preembedding immunoelectron microscopy. Figure 3A shows a HuC/Dϩ cell within the ependymal layer (Fig. 3A1 , arrowhead) that was subsequently analyzed with TEM (Fig. 3A2 ). The brown precipitate that allowed identifying the cell under light microscopy ( Fig. 3A1 ) appeared under TEM as an electron dense granular material in the perinuclear region (Fig. 3A2, inset) that resulted from the reaction of the DAB-HRP complex with Os 4 . The nucleus of the HuC/Dϩ cell had a characteristic round profile (Fig. 3A2, see N) with a light content that contrasted with the elongated shape and dark chromatic masses of the HuC/DϪ ependymal cells (Fig. 3A2, see E) . The occurrence of round nuclei with most of the chromatin in an extended form is one of the features considered as characteristic of neurons (Peters et al., 1991b) . Because HuC/D are RNA-binding proteins (Deschênes-Furry et al., 2006) , the DAB reaction was intense mainly around the nucleus, and thus, it was often difficult to unambiguously trace the apical process of HuC/Dϩ cells to the CC lumen. Since DCX immunohistochemistry labeled apical processes more robustly (see Fig. 2C1 ), we made immunoelectron microscopy for DCXϩ cells within the ependymal layer (Fig. 3B1, arrowhead) . In this case, the Os-DAB precipitate (Fig.  3B2 , lower inset) was present in the apical process contacting the CC lumen (Fig.  3B2, upper inset) . Note that similar to the HuC/Dϩ cell shown above, the nucleus of the DCXϩ cell was round shaped and with light chromatin content. The morphological features provided by our immunoelectron microscopic images allowed us to identify presumptive neuronal-like cells in better preserved tissue, in which detergents were not used. As shown by Stoeckel et al. (2003) for P2X 2 -expressing CCcontacting cells, we found that some neuronal-like cells with a round nucleus (Fig. 3C ) bear a single cilium (Fig. 3C , arrow in inset). The fine structural organization of the cytoplasm particularly rich in free ribosomes and processes lacking both longitudinally oriented microtubules and microfilaments also suggested an immature cell phenotype (Fig. 3D1,2 ). In line with this, we found that neurofilament-M-a marker of mature neurons (Kuhn and Peterson, 2008 )-was not expressed in CC-contacting cells but only in cells outside the ependyma (data not shown).
Immature neurons around the CC: functional clues
Athough the immunohistochemical data shown above suggested that some CCcontacting cells were similar to neuroblasts, the expression of DCX and PSA-NCAM does not by itself prove their neuronal nature, because these markers have been occasionally reported in glial progenitors and glial cells (Kuhn and Peterson, 2008) . In addition, the early neuronal marker HuC/D and DCX are also expressed in a subset of neuronal progenitors in the embryonic spinal cord (Marusich et al., 1994) and cerebral cortex (Miyata et al., 2004; Noctor et al., 2008) . We therefore made patch-clamp recordings to analyze the electrophysiological properties of CC-contacting cells under the assumption that functional clues have been very useful to clarify the nature of cells in potential neurogenic niches (van Praag et al., 2002; Bischofberger and Schinder, 2008) . As shown in Figure 4 , some cells (n ϭ 34) had an electrophysiological phenotype characterized by relatively low input resistances (185.4 Ϯ 40.5 M⍀, n ϭ 34), hyperpolarized resting membrane potentials (Ϫ82.1 Ϯ 2.2, n ϭ 34), and passive responses to depolarizing current pulses (Fig. 4 A1) with linear voltage-current relationships (Fig. 4 A2) . The injection of Alexa 488 revealed a cluster of dye-coupled ependymocytes that lined a substantial portion of the CC (Fig.  4 A3 ). Other cells, however, had active response properties when depolarized from rest. This cell type had a high input resistance (5.63 Ϯ 0.87 G⍀, n ϭ 19) and responded with a slow potential when the membrane was depolarized beyond a certain threshold (Fig. 4 B1) . As shown in Figure 4 B1, many of these cells (15 of 19) showed spontaneous barrages of synaptic potentials (arrows). The plateau-like potential could be generated in an all-or-none . Single spiking CC-contacting cells. A1-3, Response of a cell in the ependyma to a series of current pulses. A 500 ms depolarizing current pulse applied at the resting membrane potential produced a small single fast spike followed by damped oscillations of the membrane potential (1). In this cell, a brief depolarizing current pulse applied at hyperpolarized membrane potentials produced a fast single spike followed by a slow depolarizing potential (2). Confocal image of the cell shown in 1 and 2 (3). Notice the cell body connected to the CC by a single process and several short neurites arising from the basal pole. B1-3, Single spiking cell (1) with an action potential that had a repolarizing phase without depolarizing afterpotential (2). This cell had a small cell body that contacted directly the CC lumen and very short processes (3). C, Response to the same depolarizing current pulse applied at two levels of hyperpolarizing bias current. The delayed depolarization when the cell was stimulated from hyperpolarizing potentials resulted in the blockade of action potential generation (red). D1, 2, The action potential (1) was blocked by 1 M TTX (2). E1-3, A biocytin-filled single spiking cell (1) expressed HuC/D (2, 3). All images are Z-stack projections. A, P2 rat; B, P1 rat; C, P4 rat; D, P1 rat; E, P3 rat.
manner by a short-lasting current pulse, outlasting the stimulation by hundreds of milliseconds (Fig. 4 B2) . Notice that the slow potential could also be triggered by a spontaneous barrage of synaptic potentials (Fig. 4 B3, arrows) . The cell recorded in Fig. 4 B had a round cell body connected to the CC lumen by a single short process (Fig. 4 B4, arrow) . The slow regenerative potential remained in the presence of TTX (1 M) but was blocked by 3 mM Mn 2ϩ and was thus mediated by a Ca 2ϩ conductance (Fig. 4C1,2) . However, in this cell a small early component (Fig. 4C1, arrow) was blocked by TTX, suggesting a minor contribution of voltagegated Na ϩ channels to the earliest part of the response. We also observed a small and slow spike as a rebound response to a transient hyperpolarization (Fig. 4 D1) . The rebound response had a threshold of ϳϪ50 mV and thus resembled the low threshold spike (LTS) mediated by T-type Ca 2ϩ channels. Indeed, the addition of low concentrations of Ni 2ϩ (300 M, n ϭ 3) that block T-type but not L-type Ca 2ϩ channels (Russo and Hounsgaard, 1996) abolished the LTS (Fig. 4 D2) .
A second class of cells with active properties (n ϭ 94) had the ability to generate a single fast spike often followed by nonregenerative membrane potential oscillations in response to a sustained depolarization (Fig. 5A1, B1 ). This cell type had resting potentials of ϳϪ60 mV (Ϫ61.4 Ϯ 1.49 mV, n ϭ 85) and a mean input resistance of 3.95 Ϯ 0.29 G⍀ (n ϭ 85) that was significantly smaller than that of cells with slow depolarizing potentials ( p Ͻ 0.05). The single full spike had an amplitude of ϳ38 mV (38.27 Ϯ 1.52 mV, n ϭ 77) and a half-amplitude duration of ϳ6 ms (6.21 Ϯ 0.55 ms, n ϭ 77). In some cases (49 of 94 cells), a short lasting depolarizing current pulse evoked a single spike followed by a slow depolarizing potential similar to that of the nonspiking cell already described (Figs.  4B3, 5A2) , whereas in the rest of cells the spike had a fast repolarizing phase (Fig.  5B2) . Notice, however, that these spikes had no slow after-hyperpolarization (sAHP) as typically observed in spinal neurons (Russo and Hounsgaard, 1999) . In most cells, the application of the same depolarizing current from increasing levels of hyperpolarizing bias current produced a delayed depolarization that blocked the generation of an action potential (Fig. 5C ), suggesting the presence of an A-type K ϩ current (I A ). As expected, the fast spike was blocked by 1 M TTX (Fig. 5D ). The morphology of single spiking cells was similar to that shown by the immunohistochemistry for immature neuronal markers, with a cell body connected to the CC lumen by a single process (Fig. 5A3) . Intracellular injection of biocytin allowed the discrimination of finer morphological details than those revealed by immunohistochemistry. Overall, the intracellular staining of CC-contacting cells with active membrane properties revealed pleomorphic morphologies (see below and supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). For example, some single spiking cells had neurites that originated from the cell body and projected away from the CC (Fig. 5A3) . In other cases, these cells had a simpler morphology with a small cell body close the CC lumen and short thin processes Notice the occurrence of spontaneous synaptic events. The first (red), second (green) and third (blue) action potentials during the spike train are shown superimposed in 2. Notice the increase in threshold and half-amplitude duration during the spike train. The action potential produced by a brief current pulse lacks a slow after-hyperpolarization (3). Confocal Z-stack projection (4 ) of the cell recorded in 1. The single process attached to the CC had an endfoot (4, encircled) with a single thin cilium-like process (4, arrow in inset). B, Camera lucida drawing of the cell recorded in A. Notice the presence of long (Ͼ30 m) branching neurites arising from the cell body. C1, 2, The fast action potentials (1) in repetitive spiking cells were blocked by TTX (1 M, 2) . However, a slow depolarizing potential remained in the presence of TTX (2, arrow). D1-4, CC-contacting cell with a more robust repetitive spiking (1) than that shown in A. The first (red), second (green) and third (blue) action potentials are shown superimposed in 2. Notice the minor changes in spike amplitude, duration and threshold. The action potential in this cell had a well developed sAHP (3, arrow). The image in 4 (conventional epifluorescence) shows that this cell was still connected to the CC via a thin single process (arrow), whereas a conspicuous branching neurite originated from the basal pole. E1-3, A biocytin-filled cell (1, arrow) with a repetitive spiking phenotype (1, inset; calibration: 20 mV, 10 pA and 100 ms) connected to the CC by a single process and with well developed neurites. Immunocytochemistry for NeuN showed several reactive nuclei (2, arrowheads). The merged images (3) show that the recorded cell did not express NeuN (2, 3, arrow). Confocal optical plane. A-C, P3 rats; D, P5 rat; E, P2 rat. (Fig. 5B3) . To confirm that single spiking cells belonged to the group of cells expressing immature neuronal markers, we combined the histochemical reaction to intracellularly injected biocytin with immunohistochemistry against HuC/D. Figure 5E shows a single spiking CC-contacting cell (Fig. 5E1 ) that expressed HuC/D (Fig. 5E2,3) .
Finally, we found cells attached to the CC that were able to fire Na ϩ action potentials repetitively (Fig. 6 A1,D1 ) (n ϭ 52). These cells had a resting potential of ϳϪ70 mV (Ϫ71.11 Ϯ 2 mV, n ϭ 42) and a mean input resistance of 4.25 Ϯ 0.3 G⍀ (n ϭ 46) that was not statistically different from that of single spiking cells. However, the spike amplitude (56.38 Ϯ 2.1 mV, n ϭ 46) and half-amplitude duration (3.77 Ϯ 0.35 ms, n ϭ 44) were significantly larger and briefer than those in single spiking cells ( p Ͻ 0.05). In this group of cells the action potential waveform varied substantially and seemed correlated with the ability to fire repetitively (Fig. 6 A3,D3) . Some cells were able to fire repetitively but the half-amplitude duration during the spike train increased considerably (Fig. 6 A1,2) . Other cells had a more robust repetitive spiking, with little spike amplitude attenuation and broadening during the train (Fig. 6 D1,2) . The action potential in cells with robust repetitive spiking had a well developed sAHP (Fig. 6 D3 , arrow). These findings suggest that the ability for repetitive spiking depends on action potential maturation. As expected, the spikes of repetitive spiking cells were blocked by 1 M TTX (Fig.  6C1,2 ). Only in a minority of cells (19 of 52) a slow TTX-resistant depolarizing potential could still be observed (Fig. 6C2, arrow) suggesting that as the ability to fire repetitively develops, the prevalence of Ca 2ϩ electrogenesis diminishes. All electrophysiological phenotypes were found at ages between P0 and P5 (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material). A 2 test at p Ͻ 0.05 revealed that there was no relationship between the particular functional phenotype and the age of rats within the analyzed temporal window (P0 -P5).
Although repetitive spiking cells had similar morphological features as those of single spiking cells, they had more developed neurites (Fig. 6 A4, B, D4,E1 ). Repetitive spiking cells frequently had several processes arising from the cell body that could be followed projecting into the surrounding gray matter for Ͼ30 m (Fig. 6 B, camera lucida drawing, D4,E1 ). Nevertheless, a single process attached to the CC lumen by a wide endfoot could still be identified in repetitive spiking cells (Fig. 6 A4,D4, arrow, E1) . In some cells, a closer examination of the CC-contacting endfoot showed a single thin process protruding into the CSF (Fig. 6 A4 , arrow in inset). It is likely that the thin process corresponded to a single cilium, because spiking cells expressed the satellite centriolar protein PCM-1 in the apical process close to the CC lumen (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). Despite the more mature firing pattern, repetitive spiking cells in contact with the CC did not express NeuN (Fig. 6 E1-3) .
Ionic mechanisms underlying the excitability of spiking CC-contacting cells
Our current clamp data suggest that single and repetitive spiking cells are distinct cell phenotypes, probably reflecting different stages of differentiation. To explore the ionic basis of the excitability in these two types of cells, we studied the underlying currents in voltage-clamp mode focusing on Na ϩ and K ϩ voltage-gated conductances. Both in single (Fig. 7A1 ) and repetitive spiking (Fig. 7A2 ) cells, depolarizing voltage steps produced a brief TTX sensitive inward current followed by outward currents. The Na ϩ current (I Na ) density for membrane potentials more depolarized than Ϫ40 mV was significantly smaller in single spiking cells (Fig. 7B ) ( p Ͻ 0.05, n ϭ 7 cells). Outward currents were analyzed using different voltage clamp protocols. In single spiking cells, depolarizing voltage steps from a holding potential of -90 mV evoked currents that seemed to have non-inactivating and inactivating components (Fig. 8 A1) . To separate these two components we applied the same family of voltage steps but from a holding potential of Ϫ30 mV (Fig. 8 A2) . Under these conditions, we observed an outward current with a slower onset and no inactivation during the 100 ms voltage step, thus suggesting the involvement of delayed rectifier K ϩ (I KD ) channels. By subtracting the delayed non-inactivating current (Fig. 8 A2) from the total current (Fig. 8 A1) , we were able to separate an outward current with a fast onset and prominent time dependent inactivation (Fig. 8 A3) . A steady state inactivation protocol showed a strong voltage dependence of the inactivation, a typical feature of I A (Fig. 8 B) (Connor and Stevens, 1971) . The same voltage clamp protocols in repetitive spiking cells gave similar results (Fig. 8C,D) . In both types of cells, TEA (10 mM) blocked the non-inactivating component of the outward current mediated by the delayed rectifier (I KD ) (Fig. 8 E1,2 ) but spared the inactivating current which was blocked by 4-AP (2 mM) (Fig.  8 E3) , a selective blocker of A-type K ϩ channels. Single and repetitive spiking cells differed in their I A , being the time course of inactivation the most striking difference. The inactivation processes were significantly different ( p Ͻ 0.01, n ϭ 10) and could be fitted to a single exponential function with a time constant () of 28.76 Ϯ 2.3 ms (n ϭ 10) for single spiking cells (Fig. 8 F1) and 12.7 Ϯ 1.3 ms (n ϭ 10) for repetitive spiking cells (Fig. 8 F2) . The peak I A density was also significantly larger in single spiking cells (Fig. 8G) ( p Ͻ 0.05, n ϭ 6). However, the inactivation curves were similar with a V h for inactivation of Ϫ66.96 Ϯ 1.52 mV and Ϫ65.7 Ϯ 1.95 mV for single and repetitive spiking cells, respectively (Fig. 8 H) (n ϭ 6) . The V h for the activation process were 21.45 Ϯ 1.3 mV and 26.67 Ϯ 0.66 mV for single and repetitive spiking cells (Fig. 8 H) (n ϭ 6). The peak I KD density (Fig. 8 I) and the activation curves (Fig. 8 J) for I KD in single (V h ϭ 8.44 Ϯ 0.86 mV, n ϭ 6) and repetitive (V h ϭ 19.46 Ϯ 1.74, n ϭ 6) spiking cells were similar.
GABAergic signaling
GABA plays an important part during development by providing an excitatory input critical for neuronal maturation (Owens and Kriegstein, 2002) . We reasoned that if CC-contacting cells were immature neurons in different stages of differentiation, GABAergic signaling should be present and may have a variety of effects. In conventional whole-cell recordings, pressure application of GABA produced a current in all cases (4 of 4) that reversed close to the expected Cl Ϫ equilibrium potential (E Cl ) imposed by the pipette solution (Fig. 9A1,2 ). As expected, GABA A receptors mediated the GABA-induced current because gabazine (10 M)-a selective GABA A receptor antagonist-blocked the response (Fig.  9A3) (3 of 3) . To explore the actual effect of GABA on CC-contacting cells, we used the gramicidin-perforated patch-clamp technique. Gramicidin generates cationselective pores in the membrane (Myers and Haydon, 1972; Kyrozis and Reichling, 1995) and therefore does not modify the normal intracellular Cl
In some cells (6 of 12) recorded with the gramicidin-perforated patch technique, GABA had an inhibitory action by eliciting a hyperpolarization from rest ( Fig. 9B1 ) generated by an outward current (Fig. 9B2) . The GABA-induced current in these cells reversed between Ϫ60 to Ϫ80 mV (Ϫ67.78 Ϯ 3.32, n ϭ 6) (Fig.  9B2,3) . As shown for the experiment illustrated in Figure 9B , to confirm that the recordings were done in the perforated patch mode, we excited the fluorophore contained in the pipette and observed no diffusion into the cell (Fig. 9B4, upper image) . After rupturing the membrane by applying extra suction, the dye filled the cell within minutes and we could confirm that the recorded cell contacted the CC (Fig. 9B4 , arrow in lower image) and had conspicuous neurites (Fig. 9B4 , arrowhead in lower image). In other cells (6 of 12), GABA produced depolarizing responses from rest (Fig. 9C1 ) that could even evoke spike firing (Fig. 9D1) (2 of 6) . The reversal potentials for the GABA-induced current in this group of cells varied from Ϫ43 to Ϫ55 mV (Ϫ46.7 Ϯ 1.9, n ϭ 6) (Fig. 9C2,D2 ). Gabazine (10 M) also blocked the GABA-induced responses recorded with the perforated patch-clamp technique (3 of 3, data not shown). The various reversal potentials for GABA-induced currents revealed different [Cl Ϫ ] i in CC-contacting neurons, probably because of different levels of the Na
Ϫ cotransporter NKCC1 as typically found in developing neuroblasts (Tozuka et al., 2005) .
Together, our findings support the idea that some cells lining the CC of neonatal rats are immature neurons at different stages ϩ currents in single and repetitive spiking cells. A1-3, Outward currents evoked in a single spiking cell during 100 ms depolarizing voltage steps after a 75 ms prepulse to Ϫ90 mV (1). The currents evoked with the same protocol as in 1 but after a prepulse to Ϫ30 mV have a slow onset with no inactivation (2), suggesting a delayed rectifier (I KD ). The difference between the currents obtained with the protocols in 1 and 2 revealed a current with fast onset and strong time dependent inactivation (3) typical of A-type currents (I A ). B, Steady state inactivation protocol shows the voltage dependence of I A inactivation. C, D, Same protocols as in A and B, but in a repetitive spiking cell. E1-3, Pharmacological separation of outward currents. TEA (10 mM) blocked the sustained component of the total outward current (1, 2), whereas 2 mM 4-AP blocked the transient K ϩ current (3). F1, 2, Time course of I A inactivation for single (1) and repetitive (2) spiking cells. The currents were obtained at ϩ30 mV after a prepulse to Ϫ100 mV. The inactivation process was fitted to a single exponential function. G, Peak I A density as a function of the membrane potential for single (red, SS) and repetitive (black, RS) spiking cells. H, Activation and inactivation curves for I A in single (red, SS) and repetitive (blue, RS) spiking cells. I, Peak I KD density as a function of the membrane potential for single (red, SS) and repetitive (black, RS) spiking cells. J, Activation curves for I KD in single (red, SS) and repetitive (blue, RS) spiking cells. A, B, P4 rat; C, D, P1 rat; E, P3 rat; F, P1-P5 rats; G-J, data pooled from P1 to P3 rats for SS, and P2 and P3 rats for RS. of maturation. It is possible that as the animal develops, these cells acquire the molecular and functional phenotypes of mature neurons. To explore this possibility, we made patchclamp recordings in rats between P15-P18, because during the first two postnatal weeks, there is a fast maturation of the properties of spinal neurons and the rats acquire an adult pattern of locomotion (Vinay et al., 2000) . We found that CC-contacting cells in these juvenile animals still displayed electrophysiological phenotypes of immature cells that fired a single spike (n ϭ 4) (Fig. 10 A1-3 ; compare with Fig. 5A1 ,2) or fired repetitively (n ϭ 3, data not shown). In line with these results, the ependyma of adult rats remained devoid of NeuNϩ cells (Fig. 10 B) , whereas as described by Stoeckel et al. (2003) , PSA-NCAM cells were still abundant (Fig. 10C) . These findings suggest that even beyond the early postnatal period these CCcontacting cells keep functional and molecular traits of immature neurons.
Acid and ATP mediated responses
Previous studies have shown that a subset of CC-contacting cells express the ATP activated P2X 2 receptor (Stoeckel et al., 2003) and the polycystic-kidney-disease-like ion channel PKD2L1 (Huang et al., 2006) , that belong to the set of channels implicated in sensing changes in pH. We reasoned that if CC-contacting immature neurons are sensory cells specialized for detecting changes in H ϩ concentration, they should respond selectively to changes of pH with respect to other spinal neurons. A brief puff (100 -300 ms) of Ringer's solution buffered at pH 6 onto CC-contacting neurons produced a strong excitation (Fig.  11 A1,2,4 ) generated by an inward current that lasted ϳ3 s (Fig. 11 A3) . Spinal neurons in the ventral or dorsal horn with a mature spike firing pattern (Fig. 11 B1,4 ) also responded strongly to similar changes in pH (Fig. 11 B2,3) . As expected, CCcontacting cells also responded to the application of ATP (100 M) with a strong excitation (Fig. 11C1,2 ) generated by a conspicuous inward current at resting potential (Fig. 11C3) . The I/V relationship of the ATP-induced current showed a strong rectification with very little current flowing at depolarized potentials (Fig. 11C3,4) , a typical behavior of currents mediated through P2X 2 receptors (North, 2002) .
Birth date of CC-contacting neurons
In neurogenic niches of the adult brain, proliferating neurogenic precursors transiently express DCX (Brown et al., 2003) . We therefore asked whether immature neurons in the ependyma of neonatal rats could be generated postnatally. To address this question, we injected BrdU daily (100 mg/kg) between P0 and P5 (n ϭ 9) and let the animals survive for 1 d (n ϭ 2), 10 d (n ϭ 4), and 17 d (n ϭ 3) (Fig. 12 A) . We then combined BrdU labeling with immunohistochemistry for HuC/D at each time point. Although we found several BrdUϩ nuclei around the CC (Fig. 12 B, arrowhead) , we did not find colocalization of BrdU and HuC/D staining in the same cell (Fig.  12 B, arrow) . Because a slow cell cycle with a short S phase may lower the probability that potential neurogenic precursors uptake BrdU, we combined immunohistochemistry for PCNA-an endogenous cell cycle protein expressed in all phases of the cell cycle of proliferating cells-and DCX. Similar to the data obtained with BrdU, we found many cells that expressed PCNA (Fig. 12C, arrow) in the ependyma of neonatal rats but none colocalized with DCX (Fig. 12C, arrowhead) . We then applied BrdU (100 mg/kg, i.p.) to pregnant rats between E7-E17 (n ϭ 4) and killed the newborn rats between P0 and P5 (Fig. 12 D) . This protocol revealed many cells in the ependyma that colocalized Figure 9 . GABA-induced responses in CC-contacting immature neurons. A1-3, Responses of a CC-contacting cell to puff application (10 ms) of GABA (100 M) at different membrane potentials (1). In conventional whole-cell recordings the GABAinduced current reversed at the expected Cl Ϫ equilibrium potential imposed by the internal solution (2). GABA A receptors mediated the GABA-induced current because gabazine (10 M) blocked the response (3). B, D: GABA-induced responses recorded with the gramicidin perforated-patch technique. B1-4, In some cells, GABA application in current-clamp mode induced a strong hyperpolarizing response from rest (1). The GABA-induced currents (2) of this cell reversed at Ϫ62 mV (3). The images in 4 show the recording conditions in perforated patch mode and after rupturing the patch. Confirmation of perforated patch is evidenced by the lack of diffusion of Alexa 488 into the cell (upper image). After completion of the experiment, the membrane was ruptured and the dye diffused rapidly into the cell (lower image). Notice the apical process in contact with the CC lumen (4, arrow) and the well developed neurite arising fromthecellbody(4,arrowhead).Conventionalepifluorescence.C1,2,Depolarizingresponseinducedby GABA application (1). The GABA-induced current in this CC-contacting cell reversed at Ϫ45 mV (2). D1, 2, Strong GABA-induced depolarization provoked spike firing in a single spiking CC-contacting cell (1). The inset shows the initial depolarization that generated the action potential. The GABA-induced current in this cell reversed at -43 mV (2). A, P5 rat; B, P1 rat; C, P2 rat; D, P5 rat.
HuC/D and BrdU (Fig. 12 E, arrow) . Although it is still possible that HuC/Dϩ or DCXϩ cells are quiescent precursors, the fact that they do not express PCNA together with their ability to fire action potentials favors a postmitotic fate. Therefore, the most parsimonious interpretation of our birthdating experiments is that CCcontacting neurons are born in the embryo but retain molecular traits of immature neurons after birth. The diversity of electrophysiological phenotypes raises the possibility that these immature neurons go into standby mode at different stages of functional maturation.
Discussion
We show here that some CC-contacting cells in the rat display molecular and functional properties of immature neurons similar to those of adult neurogenic niches (Lledo et al., 2006) . Their electrophysiological phenotypes suggest diverse stages of differentiation similar to those of spinal neurons in Xenopus embryos (Spitzer et al., 2000) . Although CC-contacting neuroblasts were generated in the embryo, the expression of DCX and PSA-NCAM suggests they remain highly plastic (Bonfanti, 2006) . . Acid and ATP mediated responses in CC-contacting immature neurons. A1-4, Single spike evoked in a CC-contacting cell by a 500 ms depolarizing current pulse (1). The cell was strongly excited by a brief application of a Ringer's solution buffered at pH 6 (2). Currents induced by different puff durations in the same cell (3). Notice that even a 100 ms puff induced almost maximal currents (3, red trace). Increasing the duration to 200 ms slightly increased the peak current and prolonged the response (3, green trace). Further increases in puff duration did not change acid induced currents (blue trace). Injection of Alexa 488 confirmed the cell contacted the CC (4 ). B1-4, Repetitive spiking of a cell in the ventral horn in response to a depolarizing current pulse (1). A brief puff of an acidic Ringer's solution produced a strong excitation, with robust repetitive spike firing (2). The acid-induced currents were maximally activated even by a 100 ms puff (3). The image in 4 shows the morphology and the location (inset) of the ventral horn neuron. C1-4, Repetitive spiking CC-contacting cell (1, inset, calibration: 20 mV, 10 pA and 100 ms) was strongly excited by brief application of ATP (100 M, 2). The ATP-induced inward current showed a strong rectification, becoming almost undetectable at a holding membrane potential of Ϫ20 mV (3, 4 ) . A, P2 rat; B, P4 rat; C, P3 rat. All images are from conventional epifluorescence.
Immature neurons in the ependyma: reminiscences of a neurogenic niche?
In turtles, some CC-contacting cells have the molecular and electrophysiological phenotypes of neuroblasts (Russo et al., 2004) immersed in a niche of neurogenic precursors (Russo et al., 2008) . Similarly, a subpopulation of CC-contacting cells in the rat expressed the early neuronal marker HuC/D but not the mature marker NeuN, suggesting they are immature neurons similar to those in spinal neurogenic niches of low vertebrates. Our findings are in line with previous studies showing that some CC-contacting cells in adult rats expressed PSA-NCAM and may therefore be neuronal progenitors (Alonso, 1999) . Indeed, most HuC/Dϩ cells also expressed PSA-NCAM and DCX, which are transiently expressed in neuroblasts within neurogenic niches of the embryo and the adult brain (Seki, 2002; Brown et al., 2003) .
Although non-neuronal cell types occasionally express HuC/D, DCX, and PSA-NCAM (Kuhn and Peterson, 2008) , our patch-clamp recordings demonstrated that CC-contacting cells belonged to the neuronal lineage. Ependymocytes expressed S100␤, had glial-like properties such as a low input resistance, passive responses, high resting membrane potentials, and extensive gap junction coupling (Bruni, 1998) . In contrast, HuC/Dϩ cells were uncoupled, had high input resistances, and displayed regenerative responses suggesting they belong to the neuronal lineage and-although still contacting the CC-are different from ependymal cells.
Immature CC-contacting neurons: learning to spike?
The various electrophysiological phenotypes described in this study suggest different stages of maturation resembling the developmental sequence of developing spinal neurons in Xenopus (Spitzer et al., 2002) . Indeed, CC-contacting cells dominated by Ca 2ϩ electrogenesis strikingly resembled the earliest steps of differentiation of Xenopus spinal neurons that generate long lasting Ca 2ϩ action potentials (Spitzer and Lamborghini, 1976) . Ca 2ϩ electrogenesis is critical for the differentiation of various neuronal features such as the expression of voltage-gated channels, neurotransmitter specification, and the growth of neurites (Spitzer et al., 2004) . Interestingly, an LTS similar to that described here plays an important role in early differentiation during adult neurogenesis by amplifying small depolarizations (Schmidt-Hieber et al., 2004) .
As spinal neurons in Xenopus embryos differentiate, they shift from slow Ca 2ϩ potentials to fast Na ϩ action potentials (Spitzer and Lamborghini, 1976 ). This may be the differentiation stage of single spiking cells in the CC. At more advanced stages of maturation the ability to fire repetitively would appear. In addition to a larger and briefer action potential, repetitive spiking cells had an sAHP that single spiking cells lacked. In developing spinal neurones (Spitzer et al., 2000) , repetitive firing is caused by the development of Ca 2ϩ -dependent K ϩ channels that generate the sAHP needed to remove Na ϩ channel inactivation (Russo and Hounsgaard, 1999) .
The maturation of spike firing is implemented via the regulation of functional voltage-gated channels in the plasma membrane (Spitzer and Ribera, 1998) . CC-contacting cells firing repetitively had a higher I Na density compared with single spiking cells. This agrees with the hypothesis that single and repetitive spiking cells represent a sequence of maturational stages because an increase in Na ϩ channel density is a common strategy during the maturation of the excitability in the embryo (Gao and Ziskind-Conhaim, 1998 ) and adult neurogenic niches (Carleton et al., 2003) .
The appearance of potassium conductances in spinal neurons is important for maturation of the action potential and repetitive firing (Gao and Ziskind-Conhaim, 1998; Russo and Hounsgaard, 1999) . CC-contacting neuroblasts had both a delayed rectifier and an I A . The delayed rectifier had similar properties in single and repetitive spiking cells, in line with an early development of the delayed rectifier during differentiation (Spitzer and Ribera, 1998) . In contrast, single spiking cells had a higher density of an I A with slower inactivation kinetics that activated at subthreshold potentials thus regulating spike generation. The slower kinetics of I A inactivation in single spiking cells implies a wider time window for the control of excitability. This may be an efficient way to regulate the timing of Ca 2ϩ influx, an event that plays a key role during differentiation (Spitzer et al., 2004) . Faster I A inactivation kinetics in repetitive spiking cells may be related to the maturation of the action potential waveform which is determinant for repetitive firing (Connor and Stevens, 1971) . Interestingly, in the subventricular zone newborn neurons first express a delayed rectifier in the rostral migratory stream to add an I A when they reach the olfactory bulb (Belluzzi et al., 2003) . In a final step of maturation, newborn olfactory neurons acquire outward currents with a faster inactivation time course (Belluzzi et al., 2003) . Therefore, the maturation of K ϩ currents in CC-contacting immature neurons may follow the same developmental plan as newborn neurons in adult neurogenic niches.
GABAergic signaling in the CC CC-contacting immature neurons had functional GABA A receptors. GABAergic signaling plays an important part in neuronal differentiation (Owens and Kriegstein, 2002) . In developing neurons, GABA provides an excitatory drive because of a depolarized E Cl (ϳϪ30 -50 mV) generated by the Na ϩ -K ϩ -2Cl Ϫ cotransporter NKCC1 (Ge et al., 2006) . As neurons mature, they express the K ϩ -Cl Ϫ cotransporter KCC2 which lowers [Cl Ϫ ] i shifting the GABA effect from excitation to inhibition (Owens and Kriegstein, 2002) . Our gramicidin-perforated patch-clamp recordings showed that GABA had effects that ranged from robust excitation to inhibition, supporting the hypothesis that CC-contacting neurons are in different maturational stages. Many CC-contacting cells had E Cl more depolarized (ϳ46 mV) than resting potentials. GABA-induced depolarizations may be sufficient to increase intracellular Ca 2ϩ by activation of voltage-gated Ca 2ϩ channels (Yuste and Katz, 1991; Owens et al., 1996) . CC-contacting neurons with a more immature functional phenotype had a robust Ca 2ϩ electrogenesis which may efficiently couple with GABA signaling to promote neuronal maturation (Owens and Kriegstein, 2002) . Interestingly, in immature cortical neurons the Ca 2ϩ increase induced by GABA is mediated by Ni 2ϩ -sensitive Ca 2ϩ channels (Fukuda et al., 1998) , similar to those that generated the LTS in the CC.
The intriguing nature of CC-contacting neurons
The similarities of CC-contacting neurons with those of neurogenic niches raised the possibility that they may be generated postnatally. Shechter et al. (2007) reported the generation of new DCXϩ cells in the spinal cord of the rat. However, in agreement with previous studies showing that PSA-NCAMϩ or P2X 2 ϩ cells in the CC do not colocalize with BrdU injected in adult rodents (Alonso, 1999; Stoeckel et al., 2003) , we did not find reliable evidences of postnatal generation of CC-contacting neurons. Instead, our study showed that these cells originated in the embryo because many colocalized with BrdU injected in pregnant rats.
The functional relevance of CC-contacting neurons is puzzling. One possibility is that they are sensory cells monitoring the composition of the CSF (Vigh and Vigh-Teichmann, 1998) . Indeed, these cells express P2X 2 receptors (Stoeckel et al., 2003) and PKD2L1-a polycystic-kidney-disease-like ion channel (Huang et al., 2006) -which are sensitive to changes in pH. As Huang et al. (2006) , we found that CC-contacting neurons were strongly excited by a drop in pH. Furthermore, these cells had functional P2X 2 receptors because ATP induced currents with an inward rectification characteristic for these channels (North, 2002) . However, the fact that neurons away from the CC also responded vigorously to pH changes suggests that acid sensing is a general feature of spinal neurons (Baron et al., 2008) .
The different maturational stages suggested by our study may reflect different birth times during late neurogenesis in the embryo. Alternatively, the different electrophysiological phenotypes may simply reflect heterogeneous physiological properties. Cell tracking with retroviral vectors combined with functional studies will help testing these possibilities. Although generated in the embryo, CC-contacting neurons maintained the expression of PSA-NCAM and DCX even in adult rats (Stoeckel et al., 2003; Shechter et al., 2007) . Interestingly, a population of prenatally generated neurons in the paleocortex of the adult rat also express PSA-NCAMϩ and DCXϩ but not mature neuronal markers (Gó mez-Climent et al., 2008) . Because PSA-NCAM and DCX are involved in plasticity-related events such as cell migration and neurite outgrowth and regeneration (Couillard-Despres et al., 2005; Bonfanti, 2006) , the CC region may retain a substantial degree of plasticity similar to neurogenic niches (Ming and Song, 2005) . Indeed, in response to minimal spinal injury ependymal cells proliferate and migrate toward the lesion (Mothe and Tator, 2005; Meletis et al., 2008) . In an experimental model of multiple sclerosis, Danilov et al. (2006) showed that some migrating cells were neurons. It is tempting to speculate that the ependyma of the rat spinal cord represents a reservoir of immature neurons in standby mode, which under circumstances such as injury or inflammation may resume their differentiation to incorporate within damaged spinal circuits.
